Alcohol-induced hypoglycemia has traditionally been attributed to the amount of ethanol consumed rather than any inherent decline in glucose output capacity by the gluconeogenic organs and/or an increase in skeletal muscle glucose uptake. Further, while the potential for sex differences that might impact glucose homeostasis following chronic alcohol consumption has been recognized, direct evidence has been noticeably absent. This paper will provide a brief review of past and present reports of the potential for sex differences in glucose homeostasis following chronic ethanol consumption. This paper will also provide direct evidence from our laboratory demonstrating sex differences from chronic alcohol consumption resulting in a decrement in glucose appearance and more importantly, a specific decline in hepatic gluconeogenic (HGN) capacity in the absence and presence of ethanol. All our studies involved 8 weeks of chronic alcohol consumption in male and female Wistar rats, as well as a 24 to 48 hour fast to deplete hepatic glycogen stores. Under the conditions of chronic alcohol consumption and an acute dose of ethanol, we provide in vivo evidence of an early decline in whole body glucose appearance in females fed an ethanol diet compared to controls.While the decline was also observed in males fed the alcohol diet, it occurred much later compared to ethanol fed females. The site for the decline in whole body glucose production (i.e., either the kidneys or the liver) was beyond the scope of our prior in vivo study. In a follow-up study using the in situ perfused liver preparation, we provide additional evidence for a specific reduction in HGN capacity from lactate in ethanol fed females compared to ethanol fed males in the absence of alcohol in the perfusion medium. Finally, employing the isolated hepatocyte technique, we report decrements in HGN from lactate in ethanol fed females compared to ethanol fed males in the presence of ethanol in the incubation medium.The mechanism for the specific decline in HGN within the liver of ethanol fed females remains to be determined.To the extent that our observations in animals can be extrapolated to humans, we conclude that alcoholic women are more susceptible to ethanol-induced hypoglycemia compared to alcoholic men.
Impact of Acute and Chronic Alcohol

Consumption on Glucose Homeostasis
Blood glucose homeostasis is essential to ensure an adequate concentration difference for glucose extraction and use by the central nervous system. The maintenance of blood glucose levels is important given its role as the primary nutrient for energy production in the brain. A fall in blood glucose to below 55 mg/dl (i.e., approximately 3 μmoles/ml) significantly impairs both cognitive and motor function due to neuroglycopenia. 1 Further declines in blood glucose to below 30 mg/dl (i.e., <2 μmoles/ml) may result in coma, seizures, neurologic dysfunction, and possibly, death. 1 The primary organs responsible for blood glucose homeostasis are the kidneys and the liver through glycogenolysis and gluconeogenesis. The initial response to a decline in blood glucose concentration is the release of glucose from these organs via glycogenolysis. However, as the glycogen stores in these organs diminish, the kidneys and liver will rely more heavily on gluconeogenesis to prevent the onset of hypoglycemia. In a fasted state where both renal and hepatic glycogen stores are limited, the gluconeogenic capacity within these organs are elevated, making it the primary mode by which blood glucose concentrations are maintained. Given the importance of both the kidneys and liver in blood glucose homeostasis, a decline in glucose output capacity within either of these organs could result in hypoglycemia and its associated effects.
Freinkel et al 2 were among the first investigators to report that acute doses of ethanol (hereafter, and perhaps inappropriately, referred to as "alcohol") can result in a significant decline in blood glucose levels. Further studies by Krebs and coworkers 3, 4 determined that the oxidation of ethanol within the liver through the nicotinamide adenine dinucleotide (NAD + )-dependent alcohol dehydrogenase (ADH) pathway generates an elevation of cytosolic NADH, thereby increasing the NADH/NAD + ratio. The shift in the redox state supports a possible mechanism for the inhibition of hepatic gluconeogenesis (HGN) and corroborates the occurrence of alcohol-induced hypoglycemia, especially in malnourished individuals where renal and hepatic glycogen stores are compromised. While not a consistent observation, reports in fasted humans [5] [6] [7] and fasted rats [8] [9] [10] have demonstrated a significant decline in blood glucose concentration after a substantial ingestion of ethanol.
While much is known about the inhibitory effects of acute alcohol consumption on HGN, the impact of chronic alcohol consumption remains to be elucidated. Knowledge of the impact of chronic ethanol ingestion on HGN is of considerable importance given that some alcoholics tend to reduce their food intake and/or consume diets low in carbohydrates. 11, 12 Under these circumstances of fasting or inadequate nutritional intake, renal and hepatic glycogen stores would be diminished. Thus for the alcoholic, if there was a concomitant decrement in gluconeogenic capacity due to chronic alcohol consumption, this could result in a greater susceptibility for alcohol-induced hypoglycemia.
Other contributing factors for the hypoglycemic effects associated with alcohol consumption involve its impact upon insulin secretion and lipolysis. An acute over-consumption of ethanol has been observed to elevate glucose-induced insulin secretion. 13 In addition, more recent studies report that alcohol results in the reduction of circulating plasma free fatty acid levels. 14 The deleterious effect of low free fatty acid levels is two-fold: first, lowering the availability of fats elevates the reliance on glucose; and second, fatty acids have been shown to stimulate HGN. 15 Thus, lower plasma fatty acid levels will attenuate the permissive action on glucose production capacity. Collectively, the elevated glucoseinduced insulin secretion, the lower levels of free fatty acids, and the inhibitory effects observed with acute ethanol upon HGN would increase glucose uptake and simultaneously lower glucose production.
The impact of chronic alcohol consumption on insulin sensitivity and circulating triglycerides is more complex.
Recent studies report that light to moderate alcohol consumption can lower the prevalence of metabolic syndrome. 16, 17 Briefly, features of metabolic syndrome include abdominal obesity, low serum high-density lipoprotein (HDL) cholesterol, hypertriglyceridemia, hyperglycemia and elevated blood pressure, partially due to insulin resistance but culminating in an elevated risk of cardiovascular disease and diabetes. 16 In this regard, mild to moderate chronic alcohol consumption has been observed to elevate serum HDL cholesterol, lower circulating triglycerides, and while not a consistent observation, improve insulin sensitivity. 16, 17 However, in heavy drinkers, chronic alcohol consumption is associated with an elevated prevalence of metabolic syndrome. 18 Thus, there appears to be multiple factors that dictate the subsequent impact of alcohol ingestion that are mediated by the specific effect of ethanol upon various organs, the amount of acute alcohol consumed, acute versus chronic ethanol ingestion, and the type of chronic alcohol consumption (i.e., light/moderate vs. heavy). Other related factors include age, ethnicity and fasting versus postprandial state, which are beyond the scope of this review.
Alcohol Consumption and Sex Differences in Glucose Homeostasis
Our understanding of the effects of alcohol consumption on glucose homeostasis is further complicated by differences in sex. For example, there are differences in the liver's response to both an acute and chronic consumption of ethanol in men versus women. Further, reports in humans suggest that there are sex differences in the location and quantity of hepatic ADH 19 and in the first-pass metabolism of ethanol, the latter of which can give rise to higher blood alcohol levels in women compared to men despite an equivalent consumption of ethanol. 20 Animal experiments of chronic alcohol consumption have demonstrated that females tend to accumulate more fatty acid within the liver than males. 21 This observation in animals corroborates prospective studies demonstrating the greater likelihood of liver disease in women after consuming less ethanol and within a shorter time period compared to men. 22 Despite the increased recognition of sex differences that can occur after chronic alcohol consumption, few investigations have examined the interaction of chronic alcohol consumption and gender in affecting HGN capacity and blood glucose homeostasis. The purpose of this paper is to provide a brief overview of past and present research that has examined this interaction. We will emphasize research findings from our laboratory using an animal model. Specifically, we will provide evidence supporting the hypothesis that chronic alcohol consumption leads to sex differences in HGN capacity that is more detrimental to female rather than male rats. An extrapolation of the work done in our laboratory suggests that the incidence of ethanolinduced hypoglycemia would conceivably be greater for alcoholic women compared to men.
Several reasons are likely explanations for the lack of information about the impact of chronic alcohol consumption and gender on glucose homeostasis in humans. First, the use of clinical tests combined with a properly conducted interview is necessary to distinguish between the effects of acute versus chronic alcohol consumption on blood glucose concentration. The time involved to conduct an interview, and the intoxication level of the patient may conspire to reduce both the number and accuracy of incidence reports from hospitals documenting the occurrence of ethanol-induced hypoglycemia in male versus female alcoholics. Second, alcoholics may not be forthcoming because they may never seek medical assistance. Third, the prevailing hypothesis suggests that alcohol-induced hypoglycemia is dependent upon the amount of ethanol ingested within a short time rather than any specific impact from chronic alcohol consumption due to sex differences. As such, the potential for sex differences in glucose homeostasis after chronic alcohol consumption has been overlooked.
In contrast, a topic that has been extensively investigated as it pertains to sex differences and ethanol consumption is ADH, the primary enzyme responsible for ethanol metabolism. The activity of this enzyme can impact the blood alcohol level following ethanol consumption, and as previously discussed, alcohol can attenuate hepatic glucose production and impact glucose homeostasis. In this regard, males tend to have higher gastric ADH activity compared to females, 20 whereas females tend to have higher hepatic ADH activity compared to males. 23 Of interest, women demonstrate higher blood alcohol levels compared to men, even when the alcohol ingestion per body weight is equivalent. 24 In an elegant review by Lieber, 25 the attributes of gastric ADH were compared to hepatic ADH, where one of the gastric ADH isoenzymes not found in the liver has a significantly higher Vmax, which has been offered as a mechanism to prevent the entry of alcohol into the body. The fact that men have higher gastric ADH activities results in a greater first-pass metabolism of alcohol compared to women and substantiates the higher blood alcohol levels observed in females. Further, the distribution space for alcohol is smaller in women compared to men. 26 This also contributes to the higher blood alcohol levels observed in females. Following chronic alcohol consumption, however, the sex differences are even greater and more detrimental for women. For alcoholic men, the blood alcohol level achieved was significantly greater than for nonalcoholic men given the same dose of ethanol. 26 For alcoholic women, the differences in blood alcohol levels were even greater compared to nonalcoholic women. 26 In fact, alcoholic women appear to lose the gastric protective mechanism normally provided by the first-pass metabolism of alcohol and are dependent upon the liver for ethanol detoxification, the organ also responsible for glucose output. Finally, the difference in gastric ADH between nonalcoholic men and women appears to disappear after 50 years of age. 27 The mechanism for the disappearance is unknown, but we would be remiss if we did not acknowledge that the age of an individual may be an additional factor to consider. In this regard, we also recognize that ethnicity is yet another factor that warrants consideration. As previously mentioned, both of these factors go beyond the scope of this review. In summary, following the ingestion of ethanol, the circulating blood alcohol level is greater in women compared to men and is exacerbated in alcoholic women vs. alcoholic men. Taken together, there appears to be a potential for sex differences that would impact the liver after chronic alcohol consumption, resulting in a detrimental effect upon glucose homeostasis.
Evidence for Sex Differences in Liver Glucose Output
The larger size of the liver compared to the kidneys portends its role as the primary organ responsible for glucose homeostasis. As such, most of the previous studies focus on the liver. A seemingly paradoxical observation in patients with alcohol-induced liver cirrhosis is an elevation in HGN capacity. 28, 29 Further, heavy ethanol ingestion for a prolonged period of time may also contribute to abdominal obesity and an increased risk for type 2 diabetes. 30 Therefore, we have two contrasting effects related to alcohol consumption. Acute ethanol consumption can result in a decline in HGN, whereas liver cirrhosis due to alcohol abuse can culminate in an elevation in hepatic glucose production. In this regard, understanding the intermediary effects of chronic alcohol consumption and the impact of gender in the absence of cirrhosis and/or type 2 diabetes is essential. A decline in HGN capacity from three carbon precursors as a result of chronic ethanol consumption could elevate the risk of alcoholinduced hypoglycemia, while an increase in HGN capacity might lead to an earlier onset for glucose intolerance.
Winston and Reitz 31 were among the first investigators to examine the liver as a possible factor that might impact glucose homeostasis in male versus female rats following chronic ethanol consumption. Using Long-Evans rats fed an alcohol diet for over 5 weeks, they reported more than a 60% decline in liver glycogen levels from both male and female animals chronically fed the ethanol diet compared to controls. 31 While there was no significant difference in the reduced hepatic glycogen levels for alcohol fed males compared to females, the plasma glucose concentrations at the time of sacrifice were significantly lower for ethanol fed males compared to male controls. 31 In contrast, there was no alteration in plasma glucose concentration between alcohol fed females and female controls. 31 An examination of the activities of key enzymes (e.g., glucokinase, glucose-6-phosphatase, glycogen phosphorylase A and others) revealed that following chronic ethanol consumption, the enzyme activities for both alcohol fed males and females were altered to the same extent and in such a manner to make glucose readily available to other tissues/organs. 31 This would support the lower hepatic glycogen levels observed following chronic alcohol consumption, irrespective of sex. The authors subsequently proposed that the ability for alcohol fed females to maintain their plasma glucose levels was attributable to lower glucose use by peripheral tissues. 31 Alternatively, in ethanol fed males, there could have been an elevated utilization of glucose by the peripheral organs/tissues contributing to the lower plasma glucose levels. 31 Years later, Maly and Sasse 32 reported sex differences in Wistar rats pertaining to the location of hepatic ADH. The hepatic ADH activity was preferentially higher in the perivenous zone of the liver in females versus males. They later reported in humans the same differential activities of hepatic ADH in females compared to males. 19 The significance of this observation relates to the metabolic zonation of the liver reported by Jungermann and Katz. 33 They proposed a physical organization where the periportal zone is primarily responsible for gluconeogenesis and the perivenous zone is primarily responsible for glycolysis based upon the location of the cells to the incoming blood. 33 The liver is a unique organ that receives oxygenated blood from both the hepatic artery and portal vein, with the majority of oxygenated blood being derived from the portal vein. Given that glucose production is an energy requiring process, they proposed that the periportal hepatocytes engage in more gluconeogenesis compared to glycolysis. 33 With less oxygen in the blood for the perivenous hepatocytes, these cells will primarily rely on more glycolysis compared to gluconeogenesis. However, the liver has the ability to adapt in response to various physiologic circumstances. Specifically, in situations where elevations in liver glucose production are warranted, e.g., chronic exposure to cold or acute exercise, the HGN capacity becomes selectively higher from the perivenous compared to the periportal zone, making the entire liver more homogenous as it pertains to its glucose production potential. 34, 35 As such, any decrement in gluconeogenic potential from the perivenous zone could result in a lower capacity for glucose production from the entire liver. The culmination of these past reports 19, 31, 32 led us to suspect sex differences in glucose homeostasis following chronic alcohol consumption.
Twenty-five years after the initial study of Winston and Reitz 31 in which sex differences in blood glucose homeostasis were reported, we now provide additional evidence for the interactive effects of gender and chronic alcohol consumption on blood glucose homeostasis. 36 In contrast to Winston and Reitz, 31 we used Wistar rats to take into account any impact attributable to the location of hepatic ADH between males versus females. We also employed a 48-hour fast to deplete hepatic glycogen stores. For the rat, a 24 to 48-hour fast results in a substantial decline in liver glycogen content. Further, we used dual radio-labeled glucose infusions to measure in vivo rates of whole body glucose production and apparent glucose carbon recycling (an indicator of gluconeogenesis). We subsequently injected an equivalent alcohol dose (4 g/kg) into all chronic ethanol fed animals and corresponding controls where we followed the impact of alcohol on blood glucose levels over a 1-hour period. 36 Following 8 weeks of chronic alcohol consumption, the female animals chronically fed the ethanol diet had significantly lower blood glucose levels prior to and after the injection of alcohol compared to all other groups (figure 1). Under these circumstances, hepatic glycogen stores were essentially depleted making gluconeogenesis the primary mode to resist the fall in blood glucose concentration. For all animals (both ethanol fed and controls) there was a slight decrement in blood glucose level. The fall in blood glucose concentration was attributed to a significant decline in glucose production with an earlier onset observed in ethanol fed females compared to male and female controls (figure 2). The decrease in glucose production was supported by the apparent rates of glucose carbon recycling which were significantly lower for ethanol fed females and occurred at an earlier onset compared to male and female controls. 36 In contrast, ethanol fed males similarly had lower glucose production and apparent rates of glucose carbon recycling, but its occurrence was delayed compared to ethanol fed females. Further, ethanol fed male animals were able to match more closely the marked declines in glucose production with comparable reductions in glucose disappearance. 36 Consistent with the observations in humans, our ethanol fed female animals demonstrated higher plasma alcohol levels. As such, we cannot rule out the possibility that the higher amount of circulating alcohol caused the dramatic fall in glucose production and/or the failure to appropriately lower peripheral glucose clearance.
Of interest, our findings are in contrast to the initial report of Winston and Reitz. 31 They observed a decline in plasma glucose concentration in males chronically fed an alcohol diet, whereas we observed the decline in females. However, Figure 1 . Effects of chronic alcohol consumption on blood glucose concentration (mean ± SE) as a function of time prior to and following the injection of ethanol for males fed the control diet (MC, n=8), males fed the ethanol diet (ME, n=8), females fed the control diet (FC, n=8) and females fed the ethanol diet (FE, n=8) we note several differences between the two studies and speculate that these differences explain the divergent results. We used fasted animals to match the nutritional deficiencies reported in alcoholics and the concomitant depletion of hepatic glycogen stores, whereas Winston and Reitz 31 examined animals in the fed state. The fasted state would elevate the reliance on gluconeogenesis from the kidneys and the liver to help maintain blood glucose homeostasis. In addition, Winston and Reitz 31 only examined a single blood glucose level at the time of sacrifice in the absence of an alcohol injection. In contrast, we followed the impact of alcohol on blood glucose levels over the course of 1 hour following an equivalent alcohol dose for males and females. Finally, if the location of hepatic ADH previously observed by Maly and Sasse 32 is a factor for sex differences, then it is unknown whether the sex differences in hepatic ADH exist in Long-Evans rats used by Winston and Reitz. 31 Again, we used Wistar rats, consistent with Maly and Sasse, 32 to minimize differences attributable to animal strain.
Evidence for sex differences in glucose homeostasis following chronic alcohol consumption in animals has gradually been forthcoming. In the liver, the ability to mount a counter-regulatory response to hypoglycemia is primarily mediated by glucagon and α1-and β2-adrenergic receptors. Briefly, the α1-adrenergic receptors couple to two pertussis toxin G-proteins involved in phosphoinositide hydrolysis. This results in an elevation of cytosolic calcium which binds to calmodulin and catalyzes the phosphorylation of various protein kinases. β2-adrenergic receptors couple to Gs, which is involved in adenylate cyclase activation and elevations in
been demonstrated to be mediated by Gs using cAMP as the second messenger and the subsequent activation of various protein kinases. The culmination of various protein kinase activations, either through calcium or cAMP, is an elevation in glycogenolysis and gluconeogenesis.
Chronic alcohol consumption in rats has been observed by Gandhi and Ross 37 to reduce the α1-adrenergic receptor regulation of cytosolic calcium, thereby preventing the liver from maintaining calcium levels for second messenger functions (e.g., hepatic glucose output). This would emphasize the importance of both glucagon and β2-adrenergic receptors to mediate a counter-regulatory response to hypoglycemia via cAMP as the second messenger for activation of protein kinases. Lee and Hosein 38 reported a lower rate of glucagon-and epinephrine-stimulated HGN from perfused livers of chronic alcohol fed rats compared to controls. They later report significant reductions in the binding of 125 I-labeled glucagon and of [ 3 H]-prazosin to rat liver plasma membranes after chronic alcohol consumption, attributable to a decline in the density of membrane receptors. 39, 40 In this regard, the hepatic response to counterregulatory hormones may be diminished in alcoholics, thereby limiting their ability to combat hypoglycemia. Sex differences for humans in hepatic membrane receptors, hormone sensitivity and/or hormonal response following chronic alcohol consumption are currently unknown. However, given the alterations associated with the animal studies above and the human studies pertaining to sex differences in the counter-regulatory response to hypoglycemia (below), the potential for differential effects in males versus females who chronically consume alcohol would seem highly probable.
Evidence for Sex Differences in Counter-Regulatory Responses to Hypoglycemia
In the past, it was assumed that there were no sex differences in the counter-regulatory response to hypoglycemia. However, in two separate human studies there appears to be a sexual dimorphism in response to insulin-induced hypoglycemia. 41, 42 Using hypoglycemic insulin clamps, Diamond et al 41 reported identical declines in plasma glucose in both men and women. Despite the equivalent decline in glucose levels, epinephrine, norepinephrine and growth hormone were significantly greater for men compared to women. 41 A different study employed euglycemichypoglycemic clamps in which intravenous insulin infusions were performed, and the amount of glucose infused to maintain a specific glucose level relates to peripheral insulin sensitivity. Using this technique, Amiel et al 42 Effects of chronic alcohol consumption on glucose rates of appearance (Ra, mean ± SE) as a function of time prior to and following the injection of ethanol for males fed the control diet (MC, n=8), males fed the ethanol diet (ME, n=8), females fed the control diet (FC, n=8) and females fed the ethanol diet (FE, n=8 the potential impact upon glucose homeostasis. Men tend to store a greater proportion of fat in the abdominal region compared to women. 43 In this regard, lipolysis appears to be greater from visceral fat deposits compared to other regions. 44 As such, catecholamine-induced lipolysis results in higher circulating free fatty acid levels for men compared to women. 45, 46 As stated earlier, free fatty acids appear to have a permissive effect on glucose homeostasis, where an elevated level of plasma free fatty acids simultaneously provides a sparing of glucose use and stimulation of hepatic glucose production. Thus, the impact of an elevated catecholamine response in men would result in higher circulating free fatty acids, thereby providing a protection against hypoglycemia.
Studies examining the sex differences associated with acute or chronic alcohol consumption and the counter-regulatory response to alcohol-induced hypoglycemia are virtually absent. Of interest, the counter-regulatory response has been examined in men as it pertains to the acute effect of ethanol on insulin-induced hypoglycemia in which lower glucagon and cortisol secretions were noted. 47 However, the response in women is unknown and to our knowledge no one has investigated sex differences in the counter-regulatory response to alcohol-induced hypoglycemia. Given the sex differences in the counter-regulatory response as previously noted in the absence of alcohol, we speculate that women would demonstrate even lower counter-regulatory hormone secretions to combat alcohol-induced hypoglycemia. With that said, we note that any examination of sex differences in the counter-regulatory response to hypoglycemia would need to consider the amount of alcohol administered and the potential for differences in blood alcohol levels. From the preliminary information we have to date, we would similarly anticipate that the counter-regulatory response in alcoholic women could be even lower compared to alcoholic men to combat alcohol-induced hypoglycemia, but this remains to be determined. Further, any sex differences in the counterregulatory response to hypoglycemia in alcohol drinkers would need to consider the amount of ethanol chronically consumed, i.e., light/moderate versus heavy.
Our in vivo observation of a decline in whole body glucose production in ethanol fed females is supported, collectively, by these studies that demonstrate a lower release of counterregulatory hormones in response to hypoglycemia in females, the hepatic decline in membrane receptors for the counterregulatory hormones reported in alcoholic animals, as well as the sex differences in lipolysis associated with regional adipose deposits in humans. This would suggest that alcoholic females would be more vulnerable to alcohol-induced hypoglycemia than males. Unfortunately, the site for the diminution in whole body glucose production was beyond the scope of our prior in vivo study, but suggests either the kidneys and/or the liver.
Evidence for Sex Differences in HGN Capacity
Consistent with prior studies, our focus for the decline in whole body glucose production was the liver. As such, our recent findings have repeatedly demonstrated that chronic alcohol consumption by female rats differentially impacts HGN capacity compared to chronic alcohol consumption by male rats. The sex differences were demonstrated using a variety of techniques, including in situ liver perfusions, isolated hepatocytes, and measuring the enzyme activities of ADH and lactate dehydrogenase.
Using the in situ isolated liver perfusion technique from 24-hour fasted Wistar rats, rates of glucose production from lactate were measured from the livers of ethanol fed females, ethanol fed males and corresponding female and male controls. 48 There were no significant differences in rates of HGN between male and female controls. In contrast, after 8 weeks of the chronic ethanol diet, ethanol fed females had significantly lower gluconeogenic rates (figure 3). While ethanol fed males had significantly higher HGN, we also report a higher triglyceride content in the ethanol fed male livers and attribute the increased HGN to the elevated triglyceride content which has been shown to stimulate glucose production. 15 Consistent with the decline in HGN capacity, lactate uptake was significantly lower for ethanol fed females. 48 We also perfused the liver with 14 C-lactate to help confirm any alteration in HGN. 48 We observed lower incorporation of 14 C-lactate into 14 C-glucose, as well as lower 14 C-lactate uptake rates in ethanol fed females, supporting the reduced HGN capacity in ethanol fed females. 48 These findings provide the first direct evidence of a decline in HGN capacity after chronic alcohol consumption in female animals in the absence of circulating ethanol. Since the liver perfusion studies discussed above did not examine the impact of alcohol in the perfusion medium, we subsequently investigated the impact of ethanol on HGN after 8 weeks of chronic alcohol consumption in male versus female Wistar rats. 49 After fasting the animals for 24 hours to again deplete hepatic glycogen, we employed the isolated hepatocyte technique. 49 Aliquots of the liver cell suspensions were placed in Krebs-Henseleit buffer and incubated for 30 minutes with lactate, [U-14 C]-lactate and 9 different concentrations of ethanol. There was no significant difference in HGN (lactate only and no ethanol) between males and females fed the control diet ( figure 4) . Similarly, the HGN (lactate only and no ethanol) in males fed the ethanol diet was not significantly different compared to controls. 49 In contrast, the females chronically fed the ethanol diet had significantly lower HGN (figure 5) compared to both ethanol fed males and controls. 49 With alcohol in the incubation medium, the HGN significantly declined in all groups (figure 4). While alcohol suppressed HGN to a larger extent in ethanol fed males compared to controls, the inhibition was even greater in ethanol fed females (figure 5). The more pronounced effect of chronic alcohol consumption on HGN in the absence and presence of ethanol in female hepatocytes was supported by the concomitant decreases in lactate uptake (figure 5), 14 Clactate incorporation into 14 C-glucose, and 14 C-lactate uptake. 49 These observations suggest that chronic alcohol consumption elicits a greater reduction on HGN in the presence of ethanol in the hepatocytes of females compared to males.
While others might have similarly investigated the potential for chronic ethanol consumption to elicit an effect upon glucose production capacity in the liver, the impact may not have been observed due to the tendency to use men, or male animals, in the experimental studies. Further, to the extent that ADH is a factor for sex differences, another potential reason for the lack of reports could be the use of an animal model that is not comparable to humans pertaining to the location of hepatic ADH. Thus, in all the studies we performed, we used Wistar rats. In addition and as mentioned throughout this review, a multitude of factors between men and women could also influence the impact of chronic alcohol consumption on glucose homeostasis, making sex differences difficult to assess. As another example, it is possible that the length of chronic alcohol consumption and/or the fat content in the alcohol diet might be additional factors dictating the impact within the liver. In support, we observed an elevated triglyceride content in the livers from ethanol fed males compared to ethanol fed females, whereas an elevated accumulation of fat has previously been reported in chronic ethanol fed females compared to males. 21 We have no explanation for the discrepancy, but we note two distinct differences between the studies that could support our contention pertaining to the length of chronic alcohol consumption and the fat content within the diet. Specifically, we examined animals chronically fed an ethanol diet for 8 weeks, whereas others 21 examined the impact of alcohol consumption after 4 weeks. Thus, it is possible that more time might yield an adaptation within the liver of ethanol fed females bringing the triglyceride content down, whereas the males elicit a delayed response to chronic alcohol consumption for the hepatic deposition of triglycerides. Also, in the liver perfusion study, 48 we failed to use a low-fat ethanol diet and subsequently observed a greater triglyceride Interaction between sex and diet on hepatic gluconeogenesis (HGN) and lactate uptake (LA Up) in hepatocytes of males fed the control diet (MC, n=8), males fed the ethanol diet (ME, n=8), females fed the control diet (FC, n=8) and females fed the ethanol diet (FE, n=8 content in male livers. However, in our isolated hepatocyte report, 49 we employed the use of a low fat ethanol diet. As such, we note that only in the liver perfusion study did we observe greater HGN in ethanol fed males, supporting the enhanced effects of fatty acids on glucose production capacity. In contrast, we failed to observe an elevated HGN when male animals ingested the low fat ethanol diet. However, irrespective of the fat content within the diet, ethanol fed females demonstrated lower HGN in both isolated hepatocytes 49 and intact liver, 48 which emphasizes the deleterious effect of chronic alcohol consumption within the livers of female animals.
The mechanism for the significant decline in HGN capacity in females compared to males after chronic alcohol consumption, in both the absence and presence of ethanol, was beyond the scope of our previous studies. However, we did examine the total hepatic enzyme activities of both ADH and lactate dehydrogenase (LDH). 48 We reported higher hepatic ADH activities in females compared to males irrespective of ethanol consumption ( figure 6 ). In addition, chronic alcohol consumption lowered ADH activity in the liver. 48 While this observation is consistent with previous reports, 50, 51 it deserves some consideration given the higher plasma alcohol levels we also observed from ethanol fed female animals in our in vivo study. In this regard, given the higher ADH activity for ethanol fed females, ostensibly the plasma alcohol levels should be lower. Given the absence of gastric ADH reported in humans for alcoholic women, our results in female animals would support a decline in the first pass metabolism of alcohol resulting in a higher blood alcohol level. It should also be noted that the liver can metabolize alcohol with use of the enzyme cytochrome P450 (Cyp) 2E1. In this regard, animal studies suggest that the hepatic enzyme activity is greater in males than females. 52, 53 After a period of chronic alcohol consumption in rats, the activity of the Cyp2E1 enzyme increases, but continues to remain lower for females compared to males. 52, 54 This would further support our observation of higher plasma alcohol levels for ethanol fed females. Of interest, there appears to be no sex difference for hepatic Cyp2E1 in humans. 55 While we did not measure Cyp2E1 activity from livers of the animals in our study, we did measure hepatic LDH, an enzyme indirectly involved with the gluconeogenic pathway.
LDH was significantly lower in ethanol fed females compared to corresponding controls, whereas no significant decline was observed for ethanol fed males. In this regard, we speculate that the decline in ADH is greatest in the hepatic region where it is found. Thus, it is possible that the corresponding decline in LDH activity in ethanol fed females might similarly take place in the same hepatic region in an attempt to normalize the redox state. If this occurred, then the decrease in LDH in the perivenous region could result in a lower ability to convert lactate to pyruvate, culminating in the decrement in gluconeogenic capacity in the perivenous region of females. Although this may seem insignificant, we again note that the perivenous region of the liver would normally increase its glucose production capacity, resulting in a more homogeneous response to help prevent hypoglycemia. Alternatively, it is possible that chronic alcohol consumption (where blood alcohol levels tend to be higher in females despite an equivalent ethanol load) might differentially alter the hepatic plasma membrane which might affect monocarboxylate transporter number and/or impact the activity of other enzymes involved with the gluconeogenic pathway. Finally, we cannot rule out the possibility that sex differences after chronic alcohol consumption, either in the absence or presence of ethanol, might similarly exist in the kidneys and/or periphery (e.g., skeletal muscle glucose uptake), resulting in alterations in glucose homeostasis. Another unknown factor that we previously noted and that remains to be determined is the impact of chronic alcohol consumption and gender differences in the counter-regulatory response to ethanol-induced hypoglycemia.
Glucose Homeostasis -Implications for Alcoholics
Evidence for sex differences in glucose homeostasis after chronic alcohol consumption in animals has been gradually forthcoming for the past 25 years. We now provide direct evidence for a specific impact upon ethanol fed female rats compared to males. Following a fast, females chronically fed an alcohol diet demonstrated a decline in whole body glucose production prior to and after an injection of ethanol compared to controls. This suggests a decrement in the gluconeogenic Figure 6 . Total hepatic alcohol dehydrogenase activity (ADH) and total hepatic lactate dehydrogenase (LDH) activity from males fed the control diet (MC, n=8), males fed the ethanol diet (ME, n=8), females fed the control diet (FC, n=8) and females fed the ethanol diet (FE, n=8 capacity of the kidneys and/or the liver which are the organs responsible for glucose homeostasis under fasting conditions. In follow-up studies, we determined that the source for at least some of the decline in whole body glucose production emanates from the liver. Specifically, after chronic alcohol consumption, 24 hour fasted female rats demonstrate a lower gluconeogenic capacity from lactate in the absence of ethanol that is exacerbated in the presence of alcohol. While the mechanism for the reduction in gluconeogenic capacity within the liver remains to be elucidated, sex differences in the location of ADH and the diminution in LDH activity in females fed an alcohol diet might be one factor among many contributing to the decline.
A thorough examination of our prior studies 36, 48, 49 will reveal several limitations that we acknowledge. Further, our studies primarily focused on the liver. 48, 49 Whether there are similar sex differences in the gluconeogenic capacity of the kidneys, alterations in skeletal-muscle-glucose uptake and/or sexual dimorphism in the counter-regulatory response to alcoholinduced hypoglycemia remain to be investigated. In addition, other relevant factors for ethanol-induced hypoglycemia that remain to be determined in humans include ethnicity, menstrual cycle and/or status (i.e., menopause) and age. Further, there are sex differences reported in animals for the detoxification of alcohol (e.g., Cyp2E1) that are not observed in humans, as well as sex differences in humans (e.g., regional adiposity) that are not clearly delineated in animals. As such, we recognize that multiple factors are involved in glucose homeostasis. However, to the extent that our results from the liver in rats can be extrapolated to humans, the vulnerability for ethanol-induced hypoglycemia would conceivably be higher for alcoholic women compared to men. While there is a lack of human reports to support this contention, we hope this review will help clinicians to be aware of the potential for sex differences in glucose homeostasis in alcoholics.
